ABSTRACT The outcomes of grasshopper responses to both vertebrate grazing and Þre vary across grassland ecosystems, and are strongly inßuenced by local climactic factors. Thus, the possible application of grazing and Þre as components of an ecologically based grasshopper management strategy must be investigated in regional studies. In this study, we examined the effects of grazing and Þre on grasshopper population density and community composition in a northern Great Plains mixed-grass prairie. We employed a large-scale, replicated, and fully-factorial manipulative experimental design across 4 yr to examine the separate and interactive effects of three grazing systems in burned and unburned habitats. Grasshopper densities were low throughout the 4-yr study and 1 yr of pretreatment sampling. There was a signiÞcant Þre by grazing interaction effect on cumulative density and community composition, resulting from burned season long grazing pastures having higher densities than unburned pastures. Shannon diversity and grasshopper species richness were signiÞ-cantly higher with twice-over rotational livestock grazing. The ability to draw strong conclusions regarding the nature of species composition shifts and population changes in the presence of Þre and grazing is complicated by the large site differences and low grasshopper densities. The results reinforce the importance of long-term research to examine the effects of habitat manipulation on grasshopper population dynamics.
Grasshoppers are important invertebrate herbivores in grassland ecosystems worldwide. Herbivory by grasshoppers can place them in direct competition for resources with both native and introduced vertebrate grazers. The strength of these competitive interactions will vary, but can be particularly intense during grasshopper outbreaks or when plant resources are rare, such as occurs during droughts (Belovsky and Joern 1995 , Belovsky and Slade 1995 , Joern 2000 , Branson 2008 . Grasshoppers are also highly responsive to altered habitats (Belovsky et al. 2000 , Branson et al. 2006 , Engle et al. 2008 . For example, both grasshopper abundance and community composition can be affected by factors such as Þre and vertebrate grazing (Fielding and Brusven 1996; Onsager 2000; OÕNeill et al. 2003; Joern 2004 Joern , 2005 . Branson et al. (2006) recently argued that burning and livestock grazing could be used as important habitat manipulation tools for use in ecologically based grasshopper management strategies that seek to prevent or moderate the occurrence of damaging outbreaks. In contrast to chemical control, habitat manipulations have the potential to maintain or promote existing ecological feedbacks that keep grasshopper populations below economically threatening levels (Branson et al. 2006) . However, opportunities to conduct the long-term manipulative ecological experiments necessary to examine the effects of large-scale habitat manipulations on grasshopper populations are rare.
Foraging by livestock and native vertebrates can directly reduce food availability for grasshoppers through competition or indirectly via changes in plant community composition (Fielding and Brusven 1996 , Belovsky et al. 2000 , OÕNeill et al. 2003 . In addition, the structure and microclimate of grasshopper habitat can be affected by both grazing and trampling. Promising evidence in support of using livestock grazing as a tool for preventative grasshopper management was provided by Onsager (2000) . In OnsagerÕs study, grasshopper densities in pastures subjected to a twice-over rotational (TOR) grazing scheme remained stable relative to those in pastures subjected to season-long grazing where densities sharply increased during a multi-year period of population growth. Grazing-mediated changes in habitat structure in the TOR pastures were hypothesized to have reduced favorable microclimates available for thermoregulation, thereby suppressing population growth by reducing their development rate (Onsager 2000) .
Burning has also been shown to affect grasshopper community composition and population density. Direct effects of Þre on grasshoppers include killing individuals present in the habitat at the time of the burn (e.g., Bock and Bock 1991) as well as egg mortality as a result of elevated soil temperatures (Branson and Vermeire 2007) . Possible indirect effects include changes in host plant quality or plant community composition (Porter and Redak 1996, Vermeire et al. 2004a) , changes in natural enemy abundance or behavior (Branson et al. 2006) , and postÞre changes in soil moisture or temperature regimes affecting egg developmental phenology or mortality (Meyer et al. 2002) . Grasshopper responses to Þre can also be species speciÞc and heavily dependent upon the timing and intensity of the burn (Joern 2004, Branson and Vermeire 2007) .
Importantly, the outcomes of grasshopper responses to both vertebrate grazing and Þre have repeatedly been shown to vary across grassland ecosystems. Furthermore, the effects are strongly inßuenced by local climactic factors (Fielding et al. 2001 , reviewed in Branson et al. 2006 . Thus, the possible application of grazing and Þre as components of an ecologically based grasshopper management strategy must necessarily be investigated in regional studies. In this study, we examine the effects of grazing and Þre on grasshopper population density and community composition in a northern Great Plains mixed-grass prairie. We employed a large-scale, replicated, and fully-factorial manipulative experimental design across 4 yr to examine the separate and interactive effects of three different grazing systems in burned and unburned habitats.
Materials and Methods
Study Site. This study was conducted on the Little Missouri National Grasslands in western North Dakota, managed as part of the United States Forest Service Dakota Prairie Grasslands. The landscape is eroded, characterized by wide summits and networks of gullies (Butler et al. 1986 ). The plant community is a mixed grass prairie dominated by western wheatgrass (Pascopyrum smithii), blue grama (Bouteloua gracilis), needle and thread (Hesperostipa comata), and green needlegrass (Nassella viridula). The region is semiarid and receives Ϸ355Ð 400 mm of annual precipitation, most of which occurs during the growing season from May to September, but is irregular in distribution. Mean daily temperatures range from A three-or four-pasture TOR grazing system, season-long (SL) grazing treatment, and ungrazed control (CO) exclosure were initiated on each of three separate blocks of similar soil and ecological types within a 2,352-km 2 region in McKenzie County, ND, using a randomized 2 ϫ 3 block design in the spring of 2002 (Plummer 2005 , Clark 2006 ). Grazing treatments are described in Onsager (2000) . Block 1 (T145N, R99/98W), referred to here as Grassy Butte, consisted of three TOR pastures (140, 142, and 210 ha), a 162-ha SL pasture, and a 10-ha CO exclosure. At block 2 (T148N, R103W), referred to in this study as Sidney, there were four TOR pastures (631, 519, 398, and 354 ha), a 127-ha SL pasture, and a 10-ha CO exclosure. At block 3 (T150N, R103/102W), referred to in this study as Alexander, there were four TOR pastures (228, 190, 256 , and 223 ha), a 323-ha SL pasture, and an 8-ha CO exclosure. Both grazing treatments were designed to result in 40 Ð 60% biomass utilization, which is considered full grazing utilization. Controlled burns were conducted on 2.3Ð3.0 hectare plots in each CO exclosure, TOR, and SL pasture in late October 2002, mimicking a fall dormant season wildÞre. As part of a larger study funded by the United States Forest Service, peak standing biomass, biomass utilization by livestock, basal cover, and species composition were examined before burning in 2002 and after burning in 2003 through 2005 using a combination of transects and small exclosure cages (Plummer 2005 , Clark 2006 aluminum wire rings in burned and unburned plots in the three grazing treatments, following the methods of Onsager and Henry (1977) . Rings were permanently placed in four transects in each replicate, located Ϸ5 m from each other, and held in place with landscape staples. A sweep net sample, consisting of at least 150 fast sweeps in the upper part of the plant canopy and 150 slow sweeps at ground level, was taken to establish grasshopper community composition (Berry et al. 2000) . Sweep net samples were frozen and grasshoppers were identiÞed to species and developmental instar. Common grasshopper species at each of the three sites are presented in Table 1 . As population densities were low throughout the study, cumulative densities were calculated by summing densities over a season to generate a measure of seasonal abundance that was less affected by random sampling error. Grasshopper densities were sampled before treatment application in 2001, and pretreatment grasshopper densities and species diversity metrics did not differ signiÞcantly between treatments (P Ͼ 0.2 in all cases).
Statistics. Patterns of grasshopper species diversity were examined using numerical species richness, Shannon index of species diversity, and Simpson evenness index to assess the relative abundance of species (Magurran 2004) . Because of the low population densities during the study, treatment differences in grasshopper densities were assessed by comparing the cumulative densities, the sum of all ring density counts within 1 yr. Cumulative density data were square root transformed to achieve normality. Generalized linear models treating year as a Þxed variable were initially used to assess differences in cumulative grasshopper densities, species richness, Shannon diversity, and SimpsonÕs evenness index. As year ϫ grazing, year ϫ Þre, or year ϫ Þre ϫ grazing interactions were not signiÞcant for any model, year appropriately treated as a random variable and mixed model analyses were conducted using Systat 12. Because of the predicted amount of intersite variability resulting from the large spatial extent of the study area (a 2,352-km 2 region) and low replication levels, a signiÞcance level of 0.1 for all analyses was deemed appropriate a priori.
Two methods were used to assess treatment differences in grasshopper community composition, using cumulative grasshopper sweep samples within a given year. First, nonmetric multidimensional scaling ordination (NMS) was used to assess differences in grasshopper community composition resulting from grazing and Þre treatments (McCune and Grace 2002). PC-ORD 5 (McCune and Mefford 2006) was used for all NMS analyses. NMS was conducted using the Bray-Curtis distance measure with a random starting point and 70 runs of data. The dimensionality of the data set was assessed using the autopilot function in PC-ORD and indicated a threedimensional optimal solution. Second, a permutational distance-based multivariate analysis of variance (MANOVA) (PERMANOVA v1.6), using a Bray-Curtis (Sorensen) distance measure, was used to assess differences in community structure resulting from the treatments (Anderson 2001 (Anderson , 2005 . Data were square root transformed, and species that occurred in fewer than 5% of samples were deleted before analysis (McCune and Grace 2002). Analyses were conducted using permutation of raw data, because of small sample sizes (Anderson 2005) . Because relatively few unique permutations were possible in analyzing pairwise comparisons, Monte Carlo asymptotic P values were used as a more conservative approach in all permutational analyses (Anderson 2005) .
Results and Discussion
Grasshopper Density. Cumulative densities averaged across all sites dropped signiÞcantly from 22.6 per m 2 in 2002 to 9.0 per m 2 in 2003 and remained at similarly low levels until the end of the study. However, despite the overall low densities of grasshoppers, signiÞcant Þre by grazing interactions and main grazing effects were detected on cumulative density, species diversity, and community composition. Based on a mixed model analysis, there was a signiÞcant Þre by grazing interaction effect on cumulative density (Table 2). This resulted from burned SL pastures having higher densities than unburned SL pastures (P ϭ 0.03). Grasshopper densities dropped over the course of the study, with an average 60% reduction in across all sites from 2002 to 2003. In this study, differences in average densities between treatments were typically less than one grasshopper per square meter (Fig. 1) , which most likely obscured the ability to detect some grazing and Þre treatment effects, given the large conÞdence intervals that result from few individuals being detected in subsamples at a site (Onsager 1981) . Branson (2005) found grasshopper populations declined strongly after a 1999 dormant season Þre in the vicinity of the Sidney site, due largely to reductions in densities of the Gomphocerine subfamily. Air temperatures were low during the period of the prescribed burns in 2002, most likely leading to reduced Year was treated as a random factor in the mixed-model analyses.
Þre intensities and lowering both direct mortality and soil temperature elevations that cause egg mortality in some grasshopper species (Branson and Vermeire 2007) . With respect to detecting grazing effects, Onsager (2000) found grasshopper densities were much lower under TOR grazing when compared with SL grazing in the vicinity of the Sidney and Cartwright sites during a study with much higher and increasing grasshopper densities. It appears unlikely that either SL or TOR livestock grazing would have created treatment differences in food limitation and exploitative competition, given the low grasshopper densities present during the study (Belovsky and Joern 1995 , Joern 2000 , Branson 2008 ). Species Diversity and Community Composition. Although total sample sizes were often less than optimal for determining relative species compositions because of the low population densities (Berry et al. 2000) , signiÞcant Þre by grazing interactions and main grazing effects were detected on Shannon diversity, species richness, and community composition. Based on mixed model analysis, livestock grazing appeared to affect numerical species richness (Table 2) . Although more species were present in random catch samples in TOR pastures compared with ungrazed controls or SL pastures (P Ͻ 0.1), the percentage difference between treatments was Ͻ10%. Joern (2005) observed a strong positive relationship between grasshopper density and species richness in a tallgrass prairie site, but there was not a statistically signiÞcant relationship between cumulative density and species richness in this study ( Fig. 2 ; r ϭ 0.13, P ϭ 0.26). Livestock grazing also signiÞcantly affected Shannon diversity (Table 2) , with Shannon diversity higher in TOR pastures than in either SL pastures (P ϭ 0.02) or CO exclosures (P ϭ 0.06). Treatment differences in Shannon diversity values were small, averaging Ͻ0.2, and perhaps an artifact of the low overall grasshopper densities. There was no signiÞcant effect of either Þre or grazing treatments on SimpsonÕs evenness (Table 2) .
The results from nonmetric multidimensional scaling ordination indicate that differences in grasshopper community composition were greatest between sites (Fig. 3) , with no apparent visual patterns associated with Þre or grazing treatments. Sites varied greatly in terms of the relative species composition (Table 1) , but both Þre and grazing signiÞcantly affected grasshopper community composition based on a permutational MANOVA using Bray-Curtis distances (Table  3A) . Although a signiÞcant Þre by grazing interaction occurred, an examination of the grazing main effect indicated differences in community composition appeared to exist between controls and both SL and TOR grazing (Table 3B ). The Þnding of a signiÞcant Þre by grazing interaction on community composition is similar to that found with cumulative densities, with differences in community composition between SL burned and unburned plots (Table 3B ). In addition, pairwise tests among levels of the factor graze within sites that were burned indicated a signiÞcant effect of grazing on community composition in sites with SL grazing, but not in pastures with TOR grazing or ungrazed controls (Table 3B) .
At the sites under consideration in this study, Clark (2006) found no direct effect of burning on the composition of grasses, forbs, or shrubs after Þre, which was attributed to the low Þre intensity resulting from a dormant season-prescribed burn. Grazing treatments also did not affect vegetation composition or species diversity during the study (Clark 2006) . As a result, these rangeland systems appear to be quite resilient to dormant season Þre and moderate grazing. Without substantial changes in food availability or habitat characteristics during a period with low grasshopper densities, treatment effects on grasshoppers could be weak. However, there was a sustained effect of SL grazing in plots that were burned. Both biomass removal by cows and the percentage of bare ground were higher in SL grazed burned plots, when compared with SL unburned plots. This led to a signiÞcant interaction between Þre and grazing on biomass and ground cover throughout the study (Clark 2006) . Vermeire et al. (2004b) , in the southern plains, found that cattle grazing increased substantially in patch burn areas within larger pastures. As a result, the signiÞcant interactions found between grazing and Þre on grasshopper community composition and cumulative density, resulting from differences between burned and unburned SL pastures, could be indicative of a mechanistic link between habitat characteristics and grasshopper population densities.
Conclusion.
During this study period with low grasshopper population densities, Shannon diversity and grasshopper species richness were signiÞ-cantly higher with TOR livestock grazing, and a signiÞcant Þre by grazing interaction existed in cumulative density and community composition. However, the ability to draw strong conclusions regarding the nature of species composition shifts and population changes in the presence of Þre and grazing is complicated by the large site differences and low densities. Studies conducted at a smaller spatial scale would beneÞt by reducing variation. Low population densities during the study likely obscured the ability to detect some grazing and Þre treatment effects, given the large conÞdence intervals that result from few individuals being detected in density subsamples at a site (Onsager 1981) and low numbers of individuals in community composition sweep samples (Berry et al. 2000) . Importantly, the grasshopper assemblages in this system appear quite resilient to dormant season Þre and moderate levels of grazing intensity, during a period with low grasshopper densities. Branson et al. (2006) argued that habitat management techniques are predicted to have the largest differential impacts on grasshopper population dynamics when grasshopper populations are increasing in the region of the study, given the cyclical nature of grasshopper population dynamics. The results of this study reinforce the importance of long-term research and monitoring to examine the effects of habitat manipulation on grasshopper population dynamics. 
